Adiponectin is a circulating protein secreted by adipocytes and is thought to have insulin-sensitizing effects. We present genetic analysis of adiponectin levels in 517 Pima Indians without diabetes (from 162 families, 750 sib-pairs). Adiponectin concentrations were heritable, with 39% of the variance of age-and sex-adjusted adiponectin potentially accounted for by additive genetic influences in this population. In genome-wide linkage analyses, suggestive linkage (logarithm of odds [LOD] ‫؍‬ 3.0) of adiponectin adjusted for age and sex was found on chromosome 9p at 18 cM. Linkage was also present after inclusion of adiponectin concentrations of siblings with type 2 diabetes not treated pharmacologically (total siblings 582, 182 families, 860 sib-pairs: LOD ‫؍‬ 3.5). Tentative evidence of linkage was also found on chromosomes 2 (LOD ‫؍‬ 1.7 at 89 cM), 3 (LOD ‫؍‬ 1.9 at 124 cM), and 10 (LOD ‫؍‬ 1.7 at 70 cM), offering some support to findings of a previous genome-wide scan of adiponectin. Our data suggest that quantitative trait loci on chromosomes 2, 3, 9, and 10 may influence circulating adiponectin concentrations in the Pima population.
A
dipose tissue expresses a variety of secretory proteins of potential importance to metabolic and vascular disease. Recently, adiponectin, a 244 -amino acid adipocyte-derived protein, was described (1), which, despite being solely derived from adipose tissue in humans, is paradoxically reduced in obesity (2) . Both type 2 diabetes and insulin resistance (in nondiabetic subjects) are associated with decreased adiponectin concentrations (3, 4) , whereas weight reduction (5) or administration of thiazolidinediones (6) increase adiponectin concentrations. Further, administration of adiponectin increases insulin sensitivity in animal models (7, 8) . These observations suggest that adiponectin may be an important mediator of insulin sensitivity.
The Pima Indians of Arizona suffer from a particularly high prevalence of type 2 diabetes (9). Obesity is both highly prevalent in the Pima population and is a powerful risk factor for the development of type 2 diabetes (10) . Recently, we have shown that higher adiponectin concentrations are protective against future development of type 2 diabetes in BMI-matched Pima case and control subjects (11) .
Recent analyses in a predominantly northern European population suggested that variation in plasma adiponectin levels had a strong genetic component (h 2 ϭ 46%) and that adiponectin concentrations were significantly linked (logarithm of odds [LOD] ϭ 4.1) to a quantitative trait locus on chromosome 5p (12) . To assess the genetic basis of this phenotype in the Pima Indians, we carried out a genomewide linkage analysis of adiponectin concentrations in this population.
RESEARCH DESIGN AND METHODS
Subjects and phenotypes. The subjects of this report are participants in a previously reported genomic scan for loci linked to type 2 diabetes and obesity (13) and are all participants in the National Institutes of Health survey of health in the Gila River Indian Community (9) . All members of the community Ͼ5 years of age are invited to a biennial examination that includes a 75-g oral glucose tolerance test (OGTT). Diabetes is diagnosed by World Health Organization 1985 criteria or if a diagnosis is made in the course of clinical care (14) . Height and weight are measured, with the subject wearing light clothing and no shoes, for calculation of BMI (kg/m 2 ). A sample of 1,338 individuals (332 nuclear families and 112 extended pedigrees) were selected for the original genome-wide scan (13) . Criteria for inclusion were availability of DNA and membership in a nuclear family informative for diabetes or its metabolic correlates. For this report, individuals were selected who 1) had taken part in the genome-wide scan and 2) had a stored frozen serum sample available from biennial examination obtained after 1 January 1977, when the subject was Ͼ16 years of age. For the primary analysis, samples were selected from examinations in which the subject was not diabetic (by OGTT and medical history). Where available, additional samples were obtained at examinations after diagnosis of diabetes but where subjects were not receiving medication with either oral hypoglycemic agents or insulin. Additional analyses that include these individuals along with nondiabetic participants are presented separately. Finally, initial analysis of this cohort indicated that adiponectin concentrations were significantly higher in the presence of abnormal renal function. For this reason, subjects with serum creatinine Ն1.2 mg/dl or urinary albumin:creatinine ratio Ն30 mg:g (the level indicative of the presence of abnormal protein excretion in this population) were excluded from all analyses.
Adiponectin was measured in stored serum samples from the 2-h time point of the OGTT. A pilot study indicated no significant differences in adiponectin concentration in serum samples taken fasting or 2 h after an OGTT (2-h 96% of fasting: absolute difference 0.26 Ϯ 0.3 g/ml, paired t test P ϭ 0.44, unpublished data in 12 subjects). Adiponectin was measured using an enzyme-linked immunosorbent assay using an adiponectin-specific antibody, as described previously (15) . Intra-and interassay coefficients of variation were 3.3 and 7.4%, respectively.
Insulin was measured by modification of the radioimmunoassay method of (17) . Analysis of the trait after transformation to normalize the distribution completely did not substantially alter results (data not shown). Linkage analysis was carried out 1) in families with two or more siblings without diabetes when samples were obtained for adiponectin (517 individuals from 162 families, 750 sib-pairs) and 2) after inclusion of siblings with type 2 diabetes not treated pharmacologically (582 total siblings, 182 families, 860 sib-pairs, with 45 individuals with diabetes and 20 additional siblings without diabetes included). Genome-wide linkage analyses. Genotypic data used were identical to those in previous reports (13, 18) . In brief, 503 autosomal microsatellite markers were typed in the laboratory of J. Weber at the Marshfield Medical Research Foundation (19) . An additional 13 markers were typed at GlaxoWellcome. The median rate of agreement between duplicate samples was 97%, and no marker had an agreement rate Ͻ90%. All markers were inspected for Mendelian errors, and genetic distances between markers were determined (from the Pima data) as previously described (13) .
Linkage analysis was conducted in sibships using the variance-components method of Amos (20) . In brief, a linear mixed model is fitted estimating the trait mean () and three components of variance. Using the standard biometric model (21), variance is partitioned into 1) an additive "monogenic" component linked to the region of interest ( 2 M ), 2) a "polygenic" component that incorporates overall familial effects ( 2 G ), and 3) an "environmental" component that incorporates effects unique to the individual ( 2 E ). Under the assumption of no recombination between the trait and marker loci, the phenotypic variance-covariance matrix (⍀) for individuals in a pedigree is as follows:
where ⌽ is a matrix of the expected proportion of alleles shared identical by descent (IBD), ⌸ is a matrix of the proportions of alleles actually shared IBD for a particular marker (as estimated on the basis of genotypic data), and I is an identity matrix. The parameters of these models were estimated, under the assumption that the distribution of the trait was multivariate normal, by maximizing the likelihood over all sibships using a Newton-Raphson algorithm (using the "PROC MIXED" function of SAS; SAS Institute, Cary, NC). The null hypothesis of no linkage was assessed by comparing the full model to one in which 2 M was constrained to equal 0, and the models were compared using a likelihood ratio test (22) . The LOD score for variance component analysis was calculated by dividing the likelihood ratio test for linkage by 2*log e [10] . Finally, in models with 2 M constrained to 0, estimates of 2 G and 2 E were used to assess polygenic influences on adiponectin, and heritability (h 2 ) was taken as the contribution of 2 G to the total variance (21) . IBD of individual markers was calculated using the estimation developed by Curtis and Sham (23) . Multipoint estimates of IBD were obtained using the method of Fulker et al. (24) .
For the purposes of presentation, we have reported only regions where LOD scores in multipoint analysis exceeded 1.44 (point-wise P ϭ 0.005) in either BMI-adjusted or unadjusted models.
All protocols were approved by the Tribal Council of the Gila River Indian Community and by the Institutional Review Board of the National Institute of Diabetes and Digestive and Kidney Diseases, and all subjects provided written informed consent before participation.
RESULTS
Demographic information. In subjects without diabetes and normal renal function, adiponectin concentrations were negatively related to BMI (Spearman r ϭ Ϫ0.22, P Ͻ 0.0001) and fasting insulin (r ϭ Ϫ0.28, P Ͻ 0.0001, available in 445 subjects) and positively related to age (r ϭ 0.15, P ϭ 0.0001) but unrelated to serum creatinine (r ϭ 0.05, P ϭ 0.17). In a multivariate analysis, adiponectin concentrations were positively related to age (P Ͻ 0.0001) and negatively related to BMI (P Ͻ 0.0001), but not significantly related to storage time (P ϭ 0.29). Adiponectin concentrations were similar in males (median 5.1 g/dl [interquartile range 3.7-7.2]) and females (5.0 g/dl [3. 8 -6.7] ). In models also including terms for BMI, age, and length of sample storage, no significant effect of sex was found (P ϭ 0.51).
Adiponectin concentrations were also highly related to HDL cholesterol concentrations (Spearman r ϭ 0.42, P Ͻ 0.0001, n ϭ 238) and triglycerides (r ϭ Ϫ0.37, P Ͻ 0.0001, n ϭ 228) but not to total cholesterol (r ϭ 0.02, P ϭ 0.5, n ϭ 238).
Adiponectin was lower in subjects with impaired glucose tolerance (IGT) (4.6 g/dl [3.6 -6.2], n ϭ 222) than in those with normal glucose tolerance (NGT) (5.3 g/dl [3.9 -7.3], n ϭ 473) even after adjustment for age, BMI, and sex (P Ͻ 0.0001 for IGT vs. NGT). By contrast, subjects with diabetes had adiponectin concentrations similar to the NGT group (5.6 g/dl [4.2-7.4], n ϭ 188). Baseline characteristics of the subgroup of subjects included in the linkage analysis are shown in Table 1 . Linkage analysis. Linkage analysis was first restricted to families in which adiponectin had been measured in two or more siblings without diabetes at the time of measure- ment (517 individuals from 162 families, 750 sib-pairs).
Suggestive linkage (LOD ϭ 3.0) of adiponectin adjusted for age and sex was found on chromosome 9 ( Fig. 1) , with peak of linkage at 18 cM ( Fig. 2 ). Inclusion of siblings with adiponectin measurements after diagnosis of diabetes (but who were not treated with oral hypoglycemic agents or insulin) allowed linkage analysis in 582 individuals (182 families, 860 sib-pairs; and 45 with diabetes at the time of examination and 537 without diabetes). Results were similar; in particular, evidence for linkage (LOD ϭ 3.5) of age-and sex-adjusted adiponectin was still present in this larger analysis (Table 2) . Once again, all four markers across the region showed linkage in single-point analyses-D9S168: LOD ϭ 2.3; D9S925: LOD ϭ 1.6; D9S741: LOD ϭ 1.8; D11S1121: LOD ϭ 2.1. No substantial evidence for linkage was observed on chromosomes 5 or 14 ( Fig. 1) . On chromosome 3, a peak of linkage of adiponectin was seen at 124 cM (LOD ϭ 1.0) (Fig. 3) , which increased after inclusion of diabetic siblings (LOD ϭ 1.9; Fig. 3 ). Two other results are worth noting. We observed a minor peak on chromosome 10 at 70 cM (LOD ϭ 1.7), close to a previously reported linkage peak of adiponectin (Table 2 ) and a further peak of linkage on chromosome 2 (LOD ϭ 1.7), the position of which was ϳ40 cM distant from that of previous reports (this peak lay at 89 cM and the reported peak at 50 cM [12] ).
DISCUSSION
Adiponectin is produced exclusively by adipocytes and bears important cross-sectional relationships to measures of insulin resistance (4) . Linkage analysis of adiponectin in this and other populations (12) furthers the investigation of the genetic control of adiponectin and potentially other related phenotypes (most importantly insulin sensitivity and type 2 diabetes). Relationships of adiponectin to other phenotypes in this study are largely consistent with other series. As previously reported by others, we found that adiponectin is inversely associated with measures of adiposity (15) and fasting insulin concentrations (4). In most previous populations, a sex difference in adiponectin has been observed: women have higher adiponectin concentrations than men in Japanese (3) and European (25) populations. In contrast, in this report and in a previous report with fewer Pima volunteers (4), no sex difference was found. The reason for this is presently not clear. Whereas this population has a higher prevalence of obesity than previous populations studied, no sex difference is detected, even in Pimas with BMIs Ͻ25 kg/m 2 (data not shown). It is also notable that HDL cholesterol, with which adiponectin is highly correlated in this and other populations (12) , also shows little sex difference in the Pimas (26) in contrast to other populations (27) .
We find that adiponectin concentrations are positively correlated with age, even after adjustment for BMI. This result has also been recently reported in another large series, although the reasons for this are not known (28) . It is an intriguing finding, however, because sensitivity to insulin declines with age (28) . Given the direct relationship of adiponectin to insulin sensitivity, the increase in adiponectin with age is unexpected, and it suggests that the relationship of adiponectin to insulin action may vary with age. Two previous reports, including one from the Pima population, have suggested that adiponectin concentrations are lower in the presence of IGT (4) and type 2 diabetes than in those with NGT (3,4), whereas adiponectin concentrations are higher in the presence of type 1 diabetes (29). Our results for IGT are in keeping with this; however, we find that adiponectin concentrations in subjects with diabetes were similar to those with NGT.
Knowledge of the physiological and molecular control of adiponectin expression remains incomplete. The adiponectin gene (APM1) promoter region contains consensus sequences for both peroxisome proliferator-activated receptor-␣ and glucocorticoid receptor (12, 30) . In vivo, adiponectin is upregulated by peroxisome proliferatoractivated receptor-␥ agonists (6), whereas in cell culture, it is downregulated by glucocorticoids and tumor necrosis factor-␣ (31, 32) . A number of previous studies have examined the association of polymorphisms of the adiponectin gene with circulating concentrations of the protein and metabolic disease. Rare missense mutations (frequency Ͻ1% in control subjects without diabetes) in exon 3 of the adiponectin gene have been associated with reductions in circulating adiponectin (R112C, I164T) (30, 33) and with type 2 diabetes (I164T) (34) . In addition, more common single nucleotide polymorphisms in coding (silent mutation 45T 3 G) and intronic (276G 3 T) regions have been associated with the risk of type 2 diabetes (35) and features of the metabolic syndrome (25) including increased adiposity (25, 36) . Notably however, neither relationships with circulating adiponectin (25, 35) nor the particular alleles conveying risk of disease (25, 35, 36) are consistent. This finding suggests that more important, potentially causal, polymorphisms have yet to be described (25) . The adiponectin gene lies at ϳ200 cM on chromosome 3 and is therefore a somewhat distant candidate for the linkage of adiponectin we observed on chromosome 3.
One previous study has examined linkage of adiponectin to quantitative trait loci. They reported significant linkage on chromosome 5 and a further peak of suggestive linkage on chromosome 14 (12) . Further, they reported peaks on chromosomes 2, 3, 10, and 17, with the peak on chromosome 3 being of particular interest because it lays at 201 cM, close to the site of the adiponectin gene (12) . There are relatively few coincident peaks of linkage in the two studies. The major peak that we found on chromosome 9 was not seen in the previous analysis (12) . On chromosome 10, Comuzzie et al. (12) reported an LOD peak of 1.9 at 67 cM, whereas we detected a maximum LOD of 1.7 with age-and sex-adjusted adiponectin at 70 cM. Linkage is found in both studies on chromosomes 2 and 3 but with peaks of linkage that are relatively distant between the two studies (chromosome 2: this study, 89 cM; the study by Comuzzie et al., 50 cM; chromosome 3: this study, 124 cM; Comuzzie et al., 201 cM) (12) . We provide no corroborating evidence for linkage of adiponectin on chromosomes 5 or 14. Differences between populations in loci identified by linkage analysis may arise because of genetic heterogeneity, i.e., the set of important genes is different in each population. They may also arise simply by chance because the stochastic variability of effect estimates can be substantial for loci of moderate effects with linkage studies of typical sample size, even in the absence of genetic heterogeneity. Although the present sample size is typical for a linkage study, such studies require quite large sample sizes to detect loci with moderate genetic effects. For example, using formulae derived by Sham et al. (37), we estimated that the power to detect linkage (LOD Ͼ1.44) of the present sample (860 sib-pairs, assuming a polymorphic information content of 0.7) is 85% for a locus accounting for 39% of the variance (i.e., all the heritability in age/sexadjusted adiponectin), 58% for a locus accounting for 30% of the variance, and 23% for a locus accounting for 20% of the variance. Thus, loci that are detectable by linkage studies of this size are likely to be those with major effects on the trait.
By far the largest peak of linkage we observed is on chromosome 9, suggesting that genetic polymorphisms in this region may be contributing to variation in adiponectin concentrations in the Pima population. The estimates derived from the present analyses suggest that this locus accounts for 46% of the variation in age/sex-adjusted adiponectin levels. This estimate must be interpreted with caution, however, because the multiple testing involved in a genome-wide scan will produce an upward bias, the magnitude of which is difficult to quantify (38) . The LOD-1 support interval for the chromosome 9 region comprises ϳ14 Mbp containing at least 130 genes. Chromosome 9p was not linked to type 2 diabetes in the previous genomewide scan in this population (13) . The previous genomewide scan also did not give strong linkage with BMI on chromosome 9p (LOD ϭ 0.4), although in the present families, the BMI linkage was nominally significant (LOD ϭ 0.7). The linkage signal with adiponectin levels was only partly attenuated with adjustment for BMI. This suggests that the effect of the putative adiponectin locus on chromosome 9p is, at least in part, independent of any effect on BMI.
A number of genome-wide scans examined type 2 diabetes in other populations, and only a single report suggested linkage of chromosome 9 to age of onset of type 2 diabetes in Mexican Americans (39) . Interestingly, quantitative trait loci related to insulin action have been described in this chromosomal region in the Pima population (18) . Both glucose disposal during euglycemichyperinsulinemic clamp (LOD ϭ 1.0, peak 10 cM) (18) and the insulin sensitivity index (ISI) (LOD ϭ 2.0, peak 3 cM) (40) have shown modest linkage in this region of chromosome 9. This raises the possibility of pleiotropic effectthat a polymorphism of a single gene in this region might influence both adiponectin and insulin sensitivity. Bivariate linkage analyses with examination of both traits (in this case, adiponectin and ISI) allow hypothesis testing of pleiotropy versus coincident linkage (41) . These analyses partition the correlation between the two traits into monogenic, polygenic, and environmental components, in addition to estimating the variance components for each trait simultaneously. Bivariate analyses in participants without diabetes in the present study did not, however, support a significant pleiotropic effect. The LOD peak of the bivariate phenotype (ISI and adiponectin) was smaller than that of adiponectin alone (LOD ϭ 2.3 at 15 cM). Further, the monogenic genetic correlation between the two traits (a measure of the extent to which the locus influencing adiponectin overlaps with that influencing ISI) was 0.51 and was not significantly different from 0 (P ϭ 0.0931). We also report a strong relationship of adiponectin concentrations to HDL cholesterol, as has also been seen in other populations (12) . Although the basis of this relationship is, as yet, unknown, strong evidence for a quantitative trait locus for HDL cholesterol has been reported on chromosome 9p in Mexican Americans (42) . Linkage of HDL cholesterol was not apparent on chromosome 9 in a similar analysis in the Pima population (43) .
Regions of chromosome 3 were not linked to type 2 diabetes in the previous genome-wide scan in the Pima population (13); however, linkage was detected in a number of phenotypes relating to insulin action at around 150 cM (fasting insulin, glucose disposal during a euglycemichyperinsulinemic clamp at both physiological and supraphysiological insulin doses) (18) . We also describe modest linkage on chromosome 10. Although this result does not fulfil criteria for suggestive linkage (44) , it is of interest because it appears to corroborate the findings of Comuzzie et al. (12) and is in a region of previous linkage to BMI in another population (45) . It is not in a region of linkage to BMI (13), type 2 diabetes (13), or insulin sensitivity (13, 18) in the Pima population. Linkage on chromosome 2 in this study is also not coincident with linkage to BMI (13), type 2 diabetes (13), or insulin sensitivity (18, 40) in previous investigations in the Pima population.
Adiponectin has putative anti-inflammatory actions (46) . Interestingly, chromosome 9p is the site of the VLDL receptor, which is expressed in adipose tissue (47) and is believed to influence uptake of free fatty acids into peripheral tissues including adipose (48) . VLDL may also have proinflammatory actions, increasing cytokine secretion (49) and activating nuclear transcription factor-B, the key signaling pathway in inflammatory response (50) . Adiponectin is believed to exert anti-inflammatory actions by inhibition of the same nuclear transcription factor-B pathway (46) . It is plausible then that variation in VLDL receptor might influence variation in adiponectin. Chromosome 9p is also the site of a number of interferons, although they are somewhat more distant than the peak that we have observed.
In conclusion, we present evidence that sites on chromosomes 2, 3, 9, and 10 may be influencing concentrations of adiponectin in the Pima population.
